Dresselhaus [5] and Geim [6] have elaborated on the history of graphene. On the theoretical side, as early as 1947, Phil Wallace [7] calculated the band structure of graphene.
On the experimental side, researchers started studying graphite in 1960s, graphite intercalation compounds in 1970s, fullerenes in 1980s and carbon nanotubes in 1990s, before graphene took over in 2000s. Graphite intercalation compound is single or a few layers of graphene sandwiched with one or a few layers of other compounds called intercalate layer.
The research of graphene that started half a century ago is now at peak and is expected to continue at an accelerating pace in the years to come.
Graphene has been synthesized using various methods, including mechanical exfoliation, unzipping nanotubes, chemical vapor deposition (CVD), reducing graphene oxide and epitaxial growth on metals/carbides. Examples of graphene synthesis include: (1) CVD of graphene, by Sony Corporation (in 2012), produced a 100-m-long by 210-mm-width graphene [8] ; (2) graphene grown epitaxially on silicon carbide (SiC) which shows potential for wafer-scale production commercially [9] , large-scale patterning [10] and integration with the current silicon technology in electronic industries [11] ; (3) recent fabrication of graphene from commercial polymer films using a CO 2 infrared laser, offering rapid production of graphene, by Lin et al. [12] .
Besides its remarkable properties, graphene is well known as a semimetal (zero band gap) material. This makes graphene unattractive for solar energy materials or electronic devices applications that require band gap threshold. Adding impurities (doping), introducing defects, modifying its geometry/size, applying external constraints (e.g. electric field and strain), or combinations of these, are some potential solutions to this problem.
The first strategy is doping of graphene by adsorption or substitution of adatoms [13] .
Adsorption adds adatoms or molecules on the graphene surface, while substitution replaces carbon atoms in graphene with other elemental species. For the substitution case, it is recommended that substituents' size (atomic radius) is comparable to carbon atomic radius, to minimize the disruption of the graphene sheet. Disrupting the graphene sheet reduces the mechanical properties and electrical conductivity of graphene significantly. The second strategy is introducing defects. This is done by: (1) removing carbon atoms from the graphene; or (2) modifying hexagonal carbon networks into non-hexagonal ones (e.g. Stone-Wales defects [14] ).
The third strategy is modifying its geometry/size (e.g. graphene nanoribbons, fullerenes, carbon nanotubes/nanorods/nanoscrolls) [15] . A well-known example is that zigzag terminated nanoribbons create metallic materials, while armchair terminated (depending on its width) creates metallic/semiconductor materials [3] .
There have been excellent reviews on graphene (e.g. a 214-page review by Ferrari et al. [16] , a roadmap of graphene by Novoselov et al. [17] , 270-page book edited by Pati et al. [18] , and graphene as a super material edited by Brody et al. [19] ); functionalizations on graphene (e.g. 59-page review by Georgakilas et al. [20] and a 44-page review by Tang et al. [21] ); and graphene and the family of 2D materials by Dume [22] . This array of reviews shows the recent advances and the importance of graphene.
Doping of graphene by various chemical species is a vast subject. The capability of making predictions on the trends in elemental adsorption on graphene is very useful in building our understanding towards the more complex cases in adsorption on graphene. It also provides useful guidelines for fabricating 2-D graphene materials with novel properties.
A way to make prediction on these trends is by using knowledge of physico-chemical trends in the periodic table of elements. These periodic table trends include: Pauling's electronegativities ( Fig. 1) , first ionization energies (Fig. 2 ), metallic characters ( Fig. 3 ), atomic radii (Fig. 4) , and number of unpaired valence electrons (Fig. 5 ). These trends are summarized in Fig. 6 This review surveys only doping by elemental adsorption. Many studies have been done on this topic, however there was lack of work that provides comprehensive, unified and accurate evaluation of some key physical properties of many elements in the periodic table, e.g. magnetization and band gap. This review is intended to address this matter. The discussion includes: (1) some trends of elemental adsorption on graphene by elements (section two), and (2) the effects of adsorption atomic ratios (section three), based on previous experimental/theoretical studies. Our approach is to utilize computational simulation. We supplemented this review with our recent calculations and provided comparison to the previous studies.
In section two, this review complements the work of Nakada and Ishii [24, 25] in terms of more accurate calculations; and Chan et al. [26] in terms of more adsorbed elements. In section three, this review discusses: adsorption orientation (i.e. position of adatom relative to one another and also relative to graphene) and the dynamics of adsorption. Finally, this review aims to provide more accurately a landscape of elemental adsorption on graphene based on physical/chemical properties of many elements in the periodic table.
Trends of elemental adsorption on graphene
Trends of electronic and structural properties include: stability (binding energy); the most stable site (bridge, hollow and top) ( Chan et al. [26] calculated some metals (Li, Na, K, Ca, Al, Ga, In, Sn, Ti, Fe, Pd, Au) adsorbed on zigzag 4 × 4 graphene supercell (adatom: C = 1:32) using DFT. They included spin polarization, van der Waals and dipole corrections. These more accurate calculations support Nakada and Ishii's results in terms of most stable site, binding energy, adatom height and migration energy, except the charge transfer value. This suggests that calculation with spin polarization is important to give the more correct charge transfer value.
To extend Chan et al.'s work and to reveal the magnetic properties of the elemental adsorption on graphene by elements, we performed similar calculations to Nakada and Ishii, using the plane-wave DFT code of VASP (Vienna Ab-initio Simulation Package) [28] . We selected zigzag 3 × 3 graphene supercell, because this supercell is relatively small, and then still accommodates the largest element in our calculations, i.e. Cs atom. Calculation methodology includes spin-polarized PAW-GGA functional [29] , van der Waals correction by Grimme method [30] , dipole corrections, and a Gaussian smearing. A pair of particles separated by distance r exhibits a weak short-range (i.e. van der Waals force) interaction proportional to r -6 . This van der Waals force, which is not included in DFT with GGA, provides significant correction especially for weak adsorption (physisorption). While dipole correction arises to cancel the unwanted interaction caused by the repeating unit cells. These two corrections (van der Waals and dipole) have been ubiquitously applied to improve the accuracy in the adsorption on graphene calculations. Explicitly for our calculation, van der Waals correction energy is computed using equation :
Where s 6 is global scaling factor of 0.75 Å; N is number of atoms in the system; subscripts i and j point i th and j th atoms; r is interatomic distance; d is damping length of 20 Å; C 6 (Joule.nanometer 6 /mol) and R 0 (Å) are element's constants provided by Grimme (a) (b) Fig. 11 . Charge transfer from adatom to graphene (number of electrons) of element-adsorbed on zigzag 3 × 3 graphene supercell, (a) Nakada and Ishii's [25] , (b) calculated in this work. Yellow, light green and green are less than 0.00 electrons, between 0.00 and 0.50 electron, and more than 0.50 electrons. Blue elements are unstable adsorption. Many studies on adsorption on graphene predominately examine three (high symmetry) sites, i.e. bridge, hollow and top (Fig. 8a) . However, migration energy ( Fig. 10) needs to be considered, as very low migration energy introduces site-independent adsorption.
So we have introduced the "fourth-site" in Fig. 8b in cyan color, where the migration energy is less than 0.02 eV. It is clearly seen in Fig. 8b , that site-independence happens for adatoms bigger than carbon atom (Fig. 4) .
Non-magnetic calculations give relatively simple trends. Binding energies (Fig. 8a) qualitatively display inverse proportional trend with to adatom heights (Fig. 9a) , proportional to migration energies (Fig. 10a) , and proportional to the number of unpaired valence electrons (Fig. 5 ). Charge transfers (Fig. 11a) are qualitatively inverse proportional to
Pauling's electronegativities with carbon as the reference atom (Fig. 1) .
Interestingly, calculations with spin-polarization give almost no trends. Binding energies (Fig. 8b) are not quite inverse proportional to adatom heights (Fig. 9b) , nor proportional migration energies (Fig. 10b ) and the number of unpaired valence electrons (Fig.   5 ). The maximum difference between non-magnetic and magnetic calculations happens at the adatoms with the most unpaired valence electrons. Graphene distortions (Fig. 12 ) also do not follow a trend. However, charge transfers (Fig. 11b ) and Fermi energy shifts (Fig. 13 ) are still qualitatively inverse proportional to Pauling's electronegativities, with considering carbon as the reference atom (Fig. 1) Since there is no single study that covers the last two properties (magnetizations and band gaps) comprehensively across the periodic table of elements, these properties were collected from many papers, as tabulated in Table 1 . Both elemental adsorption (adatom on graphene) and substitution/doping (adatom on graphene with C atom vacancy(ies)) cases were included. Vienna Ab-initio Simulation Package (VASP) [28] was used in about half of the data in Table 1 . This indicates that VASP is one of the popular simulation software. Figures 14a and 15 summarize the data in Table 1 . These figures are shown as indicators only (not trends), because of the uniqueness of experimental conditions, assumptions or theoretical methods in each paper. The farthest values from pristine graphene were selected, and the significant figures were set to two. It is seen in Figs. 14 -15 , that there is no pattern on magnetizations and band gaps. There is no band gap opening in all our calculation results as indicated by DOS. Figure 16 shows DOS for some elements. In summary, Figs. 8 -16 show the trends for lower atomic ratios. Unfortunately, the spin-polarization calculation creates fewer patterns compared to non-magnetic counterpart. 15 . Band gaps at Fermi energy (eV) of elemental adsorbed/doped on graphene from previous studies. Light green is positive (at < 50 at.%), green is positive (at ≥ 50 at.%), light yellow is zero (at < 50 at.%), yellow is zero (at ≥ 50 at.%), grey is element with no data. There is no band gap opening for all calculation results in this work. 
Effects of adsorption atomic ratios
Atomic ratio of adatom to carbon adds another degree of freedom into our trends.
This not only offers richer applications, but also brings more complexity. Different atomic ratios can: (1) cause graphene lattice to expand, and (2) modify its properties (e.g. band gap, magnetization, Fermi energy shift, charge transfer, graphene distortion, DOS). A well-known example is fluorographene (fully fluorinated graphene) which expands the graphene cell lattice constant by ≈ 0.13 Å and opens a band gap of ≈ 3.00 eV [47] . Adatom size/mass compared to carbon size/mass also plays significant role, as it dictates the maximum possible atomic ratio (Fig. 4) .
Huang et al. found nonlinearity of the band gap on graphene with adsorbed O at atomic ratio of O/C of less than 30 at.% [44] . This nonlinearity appears to be due to the positions of the adatoms relative to one another. This suggests that the electronic structure of elemental adsorption on graphene is affected not only by side of adsorption (single-or double-sided) and site of adsorption (bridge, hollow or top), but also to the relative orientation of the adsorbed sites or adsorption orientation. Adsorption orientation is the This definitely opens a wide area of applications (e.g. nonvolatile memory, sensor). This hysteresis characteristic is due to adatom-adatom interaction and migration energy. Migration energy has a big role in this dynamic domain, as it determines the fluidity of the adatoms to arrange themselves to obtain the lowest energy. So, by depositing and removing adatoms it can cause them to follow a different route. This might even lead to irreversible process with the prospect for further investigation.
In the experimental side, Pi et al. reported that Pt doping on graphene can produce ntype or weakly p-type doping at high coverage [64] . While at low coverage, it is expected that Pt exhibits n-type doping. This shows the complexity of the effects of atomic ratio, where dopant-dopant interaction is strong.
Elemental adsorption on graphene looks like the simplest problem for simulation studies in adsorption on graphene. However, not much data (for both experimental and simulation) can be collected (see greyed elements in Figs. 14a and 15) . Firstly, this is due to prominent challenges on the experimental aspects, as advance techniques (e.g. scanning tunneling microscopy) must be used. Secondly, although elemental adsorption can give hints to study adsorption of more complex species, however, information on elemental adsorption might not reflect the molecular counterpart due to some nonlinearities (e.g. adatom-adatom interaction). Thirdly, despite its simplicity, there might be some subtleties that are overlooked in the study of elemental adsorption on graphene, e.g. adsorption orientation. Our previous 
Conclusion
We have presented the trends on elemental adsorption on graphene, at low 1: Varying the atomic ratio in elemental adsorption on graphene is an effective way to obtain graphene-based materials with the desired properties. Nevertheless, varying the atomic ratio linearly may result nonlinear outcome, due to e.g. adatom-adatom interaction, adsorption orientation, and hysteresis characteristics. Orientation is position of adatom relative to one another and also relative to the graphene. 
